Mercury contamination in water and wastewater is a global risk and health problem. So there is a concrete need for an eco-friendly process that can remove the toxic mercury ions as well as convert the mercury to a value added product. The black ferruginous mercury ferrite (FMF) as a value added product was synthesized by coprecipitation technique at 50 o C. X-ray diffraction studies conducted on FMF obtained using CuK α1 radiation revealed that this crystalline compound has an orthorhombic symmetry. The method described in this study removed mercury ions with greater effi ciency compared with the prevalent methods quoted in the literature. The results of thermal analysis of the synthesized compound, on comparison with magnetite (Fe 3 O 4 ), revealed a shifting of the exothermic peak towards the lower temperature side. This behavior indicates phase transition and sample crystallization. The DC resistivity studies on FMF carried out at various temperatures in the range of 27 to 500°C showed that the compound is a semiconductor in nature and shows sharp changes in the resistivity in the temperature range of 342.38 ± 10°C (Tc elect ). The recovered FMF could be used in several applications such as semiconductors, at high temperature applications, to minimize eddy current losses, and as adsorbents as well as catalysts for the reduction of exhaust gas emissions.
Introduction
Mercury is a toxic metal widely spread in the environment with bioaccumulative properties that raise public health concern. This metal is found dispersed in the human food chain, however exposure and risk of toxicity during early human development is modulated by diet and nutritional status (Dorea and Donangelo 2006) . In the past, cases of mercury toxicity were observed in Iraq (Jalili et al. 1961) , Pakistan (Haq 1963) as well as in Japan as evident from the literature (Special Research Team 1967; Study Group of Minamata Disease 1968) concerning the most widely publicized Minamata Bay disease.
The literature survey shows that the salts of mercury constitute a serious type of fresh water pollution and, being stable compounds, once released into environment, mercury salts cannot be readily removed by oxidation, precipitation, or other processes and hence the activity in recipient animals is affected (Dua and Gupta. 1998 ). This problem was recently observed in the commercial fi sh of New Jersey (Burger and Gochfeld 2005) and fi sh sediments of Izmir Bay (Kucuksezgin et al. 2006 ).
However, a number of processes (involving chemical oxidation, reduction, and precipitation as hydroxides, sulfi des, and xanthates) are useful for the removal of toxic Hg 2+ ions from wastewater. Conventional materials such as tree bark, peanut skins, onion skins, paddy husks, starch, cellulose, xanthates, chitin, chitosan, etc. have also been used (Viraraghavan and Kapoor 1995; Navarro et al. 1996; Ferreira and De Carvalho 1997; Namasivayam and Senthilkumar 1997; Uludag et al. 1997; Meserole et al. 1999; Zhou et al. 1999; Chiarle, et al. 2000) . Many of these processes generate various forms of hazardous waste (such as metal hydroxide sludge), which further require highly regulated and costly disposal processes. One of the main and more dangerous polluting sources of toxic elements is wastewater which contains mercury since it can be readily transported and easily spreads into the environment. Hence, to keep the levels of mercury in the environment low, it is crucial to develop effi cient procedures for wastewater decontamination, making sure that the residue generated as a by-product is stable, resistant to further redissolution, and, if possible, used as a value added product. Thus, developing an economically feasible and eco-friendly method for the retrieval of mercury ions from wastewater is the need of the day.
The literature survey reveals that Mandaokar et al. (1994) have attempted to retrieve some heavy metals such as Zn by recovering it in the form of ferrites crystallized in cubic symmetry. Efforts have also been made to recover a few heavy metals such as Cd, Mn, Pb, Zn, Cu, and Cr present in wastewater in the form of ferrites (Mandavgane and Dharmadhikari 1989; Mandaokar et al. 1994) . Ferrites are the mixed metal oxides with iron 3+ oxide as their main component. The process/technique in which toxic metals are recovered as stable metal ferrites is known as the ferritization technique.
The present work deals with studies aimed at improving the ferritization technique for removing Hg 2+ from wastewater and converting it to a value added product and reducing the ratio of Hg 2+ :Fe 2+ ions.
The study also involved optimization of the dose of Fe 2+ ions, pH, rate of aeration, and temperature, which were investigated by trying different dosages of Fe 2+ ions in the mercury-containing water. Hence, the selection of optimum dose was done, at which maximum removal was obtained. pH plays an important role in ferrite formation; its effect was studied by varying the pH range from 8 to 10.5. The optimum pH for mercury removal was selected as 10.0. Extent of aeration also plays an important role in ferrite formation as a higher fl ow rate causes metal hydroxide precipitation rather than oxide formation. Hence, the effect of aeration was also studied at a range of fl ow rates from 25 to 125 mL/min for different sets of mercury concentrations, thereby achieving an optimum fl ow rate of 100 mL/min. The effect of temperature on ferrite formation, and on long and short contact reaction times in cases of higher and lower concentrations of mercury ions, were monitored. The mercury ferrite may be used at high temperature applications because of its thermal stability. The high resistivity of our synthesized mercury ferrite can be useful for minimizing eddy current losses (Verma and Chatterjee 2006) . Mercury ferrite may also be used in the fi elds of electronic appliances such as computers, antenna rods, magnetic amplifi ers, recording heads etc., as a semiconductor in electronic goods, and as an adsorbent and catalyst for reduction of exhaust gas emissions. The method described in this paper has an effi ciency of ≥99%.
Materials and Methods

Preparation of Standards
One thousand milligrams per litre of a standard stock solution of Hg 2+ was prepared by using analytical grade mercuric chloride (HgCl 2 ), whereas the Fe 2+ metal ion solution was prepared by using an analytical grade ferrous sulfate (FeSO 4 ). Fresh intermediate and working solutions of Hg 2+ were prepared daily from stock solution.
Experimental Procedure and Methods
Solutions containing known concentrations of the metal ions Hg 2+ and Fe 2+ were prepared and mixed in different ratios. The pH of each set was adjusted to 10.0 by adding sodium hydroxide solution (1 N), and the contents of the beaker were heated to 50 o C while simultaneously passing an optimum airfl ow rate (100 mL/min) adjusted with a precalibrated gap kit meter kept in the solution until the black magnetic ferrite was formed in about 15 to 30 minutes. The ferrite formed in each set of experiments was separated magnetically or by fi ltration. The ferrite formed was dried, powdered, and subjected to X-ray diffraction (XRD), thermogravimetric/differential thermal analysis (TG/DTA) and DC (direct current) resistivity studies.
The residual toxic mercury ions present in the respective fi ltrates were analyzed using a cold vapour atomic absorption spectrophotometer (CVAAS). The total iron was analyzed by atomic absorption spectrophotometry (APHA 1998) (make: GBC 904 AA, Australia). The next set of experiments was conducted by ageing technique (without aeration), whereby the experiments were conducted at pH 9.0 with a contact reaction time of 5 to 10 days by keeping other procedures the same as described above.
Characterization XRD studies on ferruginous mercury ferrite (FMF) were carried out with a Philips analytical diffractometer (make: Philips, X'Pert PRO) using CuKα 1 radiation (wavelength (λ) = 1.5404 Å). Thermal analysis of FMF was carried out in the temperature range from room temperature to 900 o C using a Seiko thermogravimetric/differential thermal analyzer (Model: TG/DTA-32). DC resistivity of FMF was measured from room temperature to 500 o C using a specially fabricated sample holder which ensured smooth contact of the electrodes with the surface of the pellets. The temperature was measured using a cromel/ alumel thermocouple which was connected to the sample holder appropriately. The two sample holder electrodes were connected to a million-mega ohm meter/ LCR (impedance) meter. Analysis of mercury ions in the solution was carried out on a CVAAS (make: Perkin Elmer 50 B).
Results and Discussion
Initially, the optimum conditions required for ferrite formation were investigated on the basis of studies on various experimental parameters using synthetic solutions of metals. Similar conditions were then applied to the studies on the effl uents collected from one of the chloralkali plants in India that still uses a mercury cathode for the production of caustic soda. The initial concentration of mercury was 60 μg/L, and after treatment it was found that mercury removal was achieved up to 99.9%.
Optimization of Fe 2+ Ions Concentration
The minimum concentrations of Fe 2+ ions required for ferrite formation with different concentrations of Hg 2+ ions were investigated. The results in Table 1 indicate that the quantity of Fe 2+ ions required increases with increasing Hg 2+ ion concentration, although the ratio of [Hg 2+ ] to [Fe 2+ ] steeply decreases. The optimum ratio of [Hg 2+ ] and [Fe 2+ ] for ferrite formation at different Hg 2+ ion concentrations was found to decrease with an increase in concentration. The time taken for ferrite formation also depends upon the initial concentration of Hg 2+ ions. A lower concentration of Hg 2+ ions requires less contact time.
Optimization of pH
The effect of pH on the formation of a ferrite of mercury is represented in Table 2 . It was observed that the FMF was formed at a pH of 10.0 and lower. The results showed that the removal percentage of mercury ions was 97% up to pH 9.0, and thereafter increased to 99%. But at lower concentrations, i.e. 60 μg/L, 99.9% removal was obtained. The optimum pH required for ferrite formation also depends on the concentration of Hg 2+ ions present. It was also observed that higher concentrations required marginally higher pH as compared with the pH of solutions with lower concentrations. Hence, pH of the solution was adjusted as per requirement.
Optimization of Aeration Rate
The optimum rate of aeration required for different concentrations of Hg 2+ ions are shown in Table 3 . At higher fl ow rates, orange or yellow precipitates of mixed hydroxides were observed instead of the black magnetic metal ferrites. Hence, it can be concluded from Table  3 that the rate of aeration plays a very crucial role in Ferrite formation.
Optimization of Temperature
The effect of temperature on the formation of mercury ferrite and the extent of metal removal from the simulated solution is shown in Fig. 1 . The present study shows that formation of magnetic ferrite containing higher concentration of mercury occurred within 15 to 30 minutes at a temperature of 50 o C and above. At lower temperatures, only a nonmagnetic, chocolate brown gelatinous precipitate, probably consisting of the metal hydroxides, was formed.
Ageing of Mixed Metal Hydroxide Precipitates
A precipitate of mixed metal hydroxides is obtained when the solution containing Hg 2+ ions and Fe 2+ ions is adjusted to a pH of 9. Room temperature ageing of this precipitate, with occasional swirling for about 5 to 10 days, resulted in the formation of black magnetic metal ferrite. The ferrite thus formed was characterized using XRD analysis technique. The X-ray diffractogram of FMF prepared by this method was similar to that obtained by the forced aeration technique described earlier. Further, the result shows 99.4% removal for Hg 2+ ions and 99.75% for Fe 2+ ions in a test solution containing 0.5 mg/L of mercury ions as depicted in Table 4 . In addition to this, Table 4 clearly indicates that heavy metal ions in liquid medium could be scavenged down to the microgram level by this room temperature ageing process, which didn't require higher temperatures or forced aeration. However, the reaction time required for this technique is longer than that of the artifi cial aeration method. The mass balance in the system was verifi ed by the analysis of the ferrite formed and the initial and fi nal metal ion concentrations present in the test solution.
Effi ciency of mercury ion removal. The results of some typical experiments conducted on wastewater containing Hg 2+ ions/solution are presented in Table 4 . The heavy metal ions were removed from the solution to microgram levels thereby indicating the better potential of this technique for mercury removal compared with the prevalent method (Wingenfelder et al. 2005) .
Characterization of Ferruginous Mercury Ferrite
X-ray diffraction studies. The XRD pattern of FMF obtained in this process showed a close resemblance to that of barium monoferrite (BaFe 2 O 4 ). The peak intensities of 95.6, 98.1, and 95.6% were observed at Ө (diffraction angle) values of 9.25, 15.25, and 19.4 degrees respectively. XRD studies on the FMF obtained from Hg 2+ ion solutions by the process used are presented in Table  5 and Fig. 2 . The results indicate a good correlation with those of the corresponding metal ferrites reported earlier (JCPDS 1998) . The crystallographic results of FMF agree with the BaFe 2 O 4 structure (Mitsuda et al. 1971 ) rather than the regular spinel structure since Hg 2+ does not form a spinel structure.
Thermal studies. Figure 3 shows the TG/DTA of synthesized FMF. The results of endothermic and exothermic processes shown in Fig. 3 can be compared with the results obtained for magnetite in Fig. 4 ; broad exothermic peaks at two different temperatures (409°C for magnetite and 193.2°C for the synthesized compound) are seen. This shift in temperature towards the lower side indicates phase transition and sample crystallization (Youssif et al. 2004 ). Figure 4 also shows an exothermic peak of synthesized magnetite at 409 ± 20°C. This peak is clearly refl ected in the endotherm of the thermogravimetric curve which indicates closeness to the exothermic peak of a magnetite of 390°C, as quoted in the literature (Hatakeyama and Zhenhai 1999) .
In addition to this, no weight loss was observed in the parent compound magnetite apart from the one at 56.4 o C, which was 8.95% of the total weight of the sample as shown in Fig. 4 . This was due to the loss of physically absorbed water (Youssif et al. 2004) . Figure 3 shows a fi rst step weight loss of 8.95% at a drying temperature below 68.3 o C, which corresponds to a loss of physically absorbed water, confi rming the hygroscopic nature of the synthesized product. The sharp endothermic differential thermal analysis (DTA) peak at 54.5 o C further supports this. A broad exothermic DTA peak between 54.5 to 200 o C and a second step weight loss of 10.86% are attributed to phase transition. Another weight loss above 200 o C was presumably due to the condensation of layers through the release of exchangeable hydroxyl groups as water (Manna et al. 2004) . Another weak exothermic peak at 349°C in the differential thermogravimetric curve and the differential thermal analysis curve corresponds to the transition from the ferrimagnetic state to the paramagnetic state of mercury ferrite. From the electrical conductivity measurements (Sattar et al. 2007) , as well as the change in the conduction mechanism (Murthy and Sobhanadri 1976) , the Curie temperature is quoted as Tc elect. = 342.38 ± 10°C. Thus, the mercury ferrite could be used at high temperature applications because of its thermal stability. Electrical conductivity. The DC resistivity was studied from room temperature up to 500°C and was found to be of the order of 10 6 Ohm at room temperature. The activation energy (2.46 eV) obtained from the plot of log ρ (Rho) versus the reciprocal of temperature [(1/T)·10 3 ] showed semiconducting behaviour similar to that of other semiconductors such as aluminum phosphide (2.45 eV) and cadmium sulphide (2.42 eV). The results of the DC resistance measured from room temperature to 500°C are presented in Fig. 5 which shows the log of resistivity (ρ) versus the reciprocal of temperature. From the results, it can be seen that the changes in slope occurred while crossing the Curie temperature (Tc elect ); these changes are due to the spin disordering of electrons (Craik 1975) . The break at the Curie temperature is attributed to the magnetic transition from an ordered ferrimagnetic state to a disordered paramagnetic state, which involves different activation energy (Shaikh et al. 2005) . The activation energy (2.46 eV) of mercury ferrite was found to be high; this can be attributed to the increase in presence of Hg 2+ ions at B site, which causes the separation between Fe 2+ and Fe 3+ in proportion to its ionic radius. Thus, it impedes upon electron transfer between Fe 2+ and Fe 3+ , i.e., it increases the activation energy and, in other words, the electrical resistivity according to its ionic radius (Sattar 2003) .
The substitution of Hg 2+ ions in the lattice of magnetite increases the resistivity, which suggests that the use of FMF at high frequency applications as high resistivity is a prerequisite for high frequency applications (Verma and Chatterjee 2006) to counter the eddy current losses (Sattar et al. 2005) .
The porosity of FMF was calculated using the formula %P = 100[(d/dx) -1] where d = apparent density (5.65 g/cm 3 ), and dx = X-ray density (5.225 g/cm 3 ). The results indicate a decrease of porosity with the substitution of Hg 2+ as compared with the parent compound magnetite. This indicates a possibility of constructing a well defi ned gap in the recording head with a gap width down to 1 μm (Stuijts et al. 1964) .
Conclusions
The ferritization technique can be effectively used for • single-stage simultaneous removal of various heavy metal ions from industrial wastewaters. The effi ciency of metal removal is independent of the initial metal concentration and the presence of suspended solids. The heavy metal ions present in the wastewaters are recovered as their ferrites which are known to be environmentally more stable than metal hydroxides, sulfi des etc., and are resistant to further redissolution. The metal ferrite being granular and magnetic in nature can be easily separated from the liquid medium by fi ltration, decantation, or magnetic separation. The metal ferrite recovered could be used for applications • in the fi elds of electronic appliances, such as computers, antenna rods, magnetic amplifi ers, recording beads etc. Metal ferrite could also be used as a semiconductor in electronics goods, as an adsorbent, and as a catalyst for reduction of exhaust gas emission. It can therefore be inferred that the method evolved • is simple, effi cient, and economically viable for the routine treatment of industrial wastewaters containing Hg 2+ ions since the chemicals (ferrous sulphate and caustic soda) are cheap and easily available. Moreover this technique is also eco-friendly in nature.
